The electrophoretic deposition (EPD) of quantum dots (QDs) after ligand exchange is investigated, along with its use as one step in the formation of photovoltaic (PV) device structures. The ligands on CdSe QDs are exchanged to pyridine and these QDs are deposited by EPD in heterojunction PV structures, which are then tested.
Introduction
Colloidal semiconductor quantum dots (QDs) are promising materials in nextgeneration optoelectronic devices, such as light emitting diodes, photodetectors, and solar cells due to the tunability of their bandgaps, high luminescence efficiency, narrow spectral emission, and high photostability. In particular, the push to develop third-generation solar cells that exceed the Shockley−Queisser efficiency limit for a single absorber, 31%, is one of the most fascinating challenges in the energy research field (1) . In this aspect, these QDs, also known as colloidal nanocrystals, are extremely attractive because of their sizedependent properties (2) , and have been used in several studies of photovoltaic devices (PVs) (3, 4) . However, in most cases these are films of as-synthesized QDs that have poor electrical conductivity because their surfaces are capped by insulating organic molecules, as a result of the synthesis procedure; these QDs should undergo ligand exchange before they can be used for photovoltaic applications (5) .
Currently, QD-based films used in devices are often deposited by one-step spin-coating or drop-casting, sometimes as mixtures of QDs with conducting polymers (3, 4) . Ligand exchange of QDs is being developed using solution processing for subsequent deposition. Notably, for PV devices, post-ligand exchange has also been conducted during the layerby-layer (LBL) deposition of QDs that is used to achieve the desired thickness (6) . This type of ligand exchange to shorter and more conductive surfactant molecules involves up to three steps to deposit each very thin QD layer; many (5-20) repeated layers are needed in PV applications, and this is considered to be incompatible with mass production. Also, such ligand exchange has been limited to ligands such as ethanedithiol (5) . Moreover, the choice of the final ligand is often made based on the solvent compatibility with underlying films and not the conductivity of the ligand itself.
In this study, we investigate an alternative method of forming QD films for PV and other devices: the use of electrophoretic deposition (EPD) after ligand exchange of the QDs with the goal of improving film electrical conductivity and device performance. EPD is a potential single-step solution-based route for rapid production of large-area uniform QD thin films with desired thickness. Since our initial reports on the EPD of CdSe QDs (7, 8) , several groups have made efforts to employ EPD in fabricating solar cells (9) (10) (11) (12) . However, the ligands in these films had the insulating TOP/TOPO/phosphonate ligands, which prevented the realization of the full potential of QDs-based solar cells. We also note that, more generally, most studies of the EPD of QD films have employed as-synthesized QDs without ligand exchange. Here, we investigate the EPD of CdSe QDs that had undergone ligand exchange in solution phase, to ligands that may improve film conductivity, prior to deposition. Specifically, we exchanged the capping ligands of CdSe QDs to pyridine, a short molecule, as a model system, and investigated the EPD of films containing these pyridine-capped CdSe QDs using a variety of solvents to form colloids for EPD. We then used this EPD process as one step in fabricating organic/inorganic hybrid, heterojunction solar cells. These devices exhibit power conversion efficiencies (PCEs) up to 0.5%.
Experimental Procedure and Results
CdSe QDs (or nanocrystals NCs) can be prepared with high quality by solution processing; they and their ligand chemistry have been intensively studied. The exchange of the initial ligand in CdSe QDs with pyridine demonstrates one successful ligand exchange (6) . In our study, we exchanged the ligands on CdSe QDs from TOP/TOPO/phosphonate to pyridine, as reported earlier (6) . The ligand exchange was confirmed by Fourier transform infrared spectroscopy (FT-IR), photoluminescence (PL), UV-absorbance, and energy dispersive analysis (EDS) (5) . The solubility of these pyridinecapped CdSe QDs was tested in several solvents: toluene, chloroform, pyridine and isopropanol, by first precipitating the QDs in hexane and then centrifuging them. Afterwards, solvent was added and the solution was sonicated for 5 min. Figure 1a shows that pyridine-capped CdSe QDs were well dispersed in the long term only in the pyridine and chloroform solvents. Figure 1b shows the TEM of dry cast films using these four colloid solutions, right after solution preparation, which shows clustering of the QDs with toluene and isopropanol. EPD of the pyridine-capped CdSe QDs in chloroform and pyridine was first tested by applying 300 V across electrodes separated by 2.3 mm by using a colloid loaded with 0.14 mg/mL of QDs. This is schematically portrayed below in Figure 4b . In these experiments, the electrodes were two 1 cm x 2.5 cm Si substrates, each overcoated by 10 nm Cr/50 nm Au by using thermal evaporation. EPD film thicknesses were measured by profilometry.
Films of these CdSe QDs were deposited by using EPD methods reported earlier (7, 8) . Interestingly, whereas EPD forms films of TOP/TOPO/phosphonate-capped CdSe QDs on both electrodes (7), these films formed only on the negative Au electrode, as is seen in Figure 2a , which suggests that pyridine-capped CdSe QDs are only positively charged. (This also occurred in the fabrication of PV devices, as is depicted in Figure 4b .) Electrophoretic mobility measurements presented in Figure 3 show that the QDs are positively charged in both solvents, so this is not surprising. Figure 2b shows the increase of EPD film thickness vs. time when using chloroform and pyridine solvents. The film thickness saturates at ~1500 nm in both cases. The faster initial EPD rate in chloroform than pyridine is consistent with the larger electrophoretic mobility of CdSe QDs in chloroform (13) , suggested by the zeta potential measurements in Figure 3 . To test PV performance, we used this EPD process as one step in forming heterojunction PV test structures, which is illustrated in Figure 4 . This process started with an indium tin oxide (ITO) coated glass substrate (2 cm x 2 cm), where the transparent conductor ITO (5-15 ohms per square) had been prepatterned as a 0.4 cm-wide hexagon. (See Figure 5. ) These substrates were cleaned by several steps in an ultrasonic bath: in soap water (15 min), DI water (15 min), acetone (15 min) and isopropanol (15 min), and were subsequently treated with UV-ozone for 20 min. A zinc oxide film was formed on the cleaned ITO substrate by spin-coating a solution of diethyl zinc solution in THF and subsequent hydrolysis at 150 o C for 15 min (14) . The spin-cast ZnO thin film is insoluble in organic solvents and is used as an electron-transporting layer in solar cells. Then a film of pyridine-capped CdSe QDs was deposited on the ZnO layer (as the negative electrode) by EPD, as above, using Cr/Au on Si as the counter, positive electrode. Then, a p-type copper phthalocyanine (CuPc) organic layer, MoOx hole-transport layer and Au electrode layer were successively deposited by thermal evaporation to complete the device stack. The targeted film thicknesses of the ZnO (60 nm), CuPc (40 nm), MoOx (10 nm), and Au (80 nm) layers were the same in each run. They were selected using guidance from the studies of Ref. Device structures were first made by the method illustrated in Figure 4 with the deposition of 60 nm thick CdSe QD EPD films, using chloroform and pyridine solvents, and are depicted in Figure 5 . These film thicknesses were targeted using EPD calibration curves presented in Figure 6 , which is similar to Figure 2b except more measurements were made for short EPD times to enable calibrated deposition of relatively thin films. The J-V curves for these devices are shown in Figures 7a and b for dark and solar simulation conditions. The power conversion efficiency is higher using the pyridine solvent. Using EPD with pyridine solvent, the PCE was improved by varying the EPD layer thickness, which for 20 nm thickness produced a PCE of 0.53% (Figure 7c ). 
Discussion and Conclusions
We have investigated the EPD of CdSe QDs after they had undergone ligand exchange to pyridine. The QD film thickness can be controlled by setting the EPD voltage and duration and the colloid concentration. The EPD process has the advantages of being solution-based to enable rapid fabrication and a one-step process, both potentially importance for fabricating PV devices.
Specifically, we employed EPD-deposited CdSe QD thin films as the n-type layer in organic-inorganic hybrid solar cell in conjunction with a CuPc p-type layer. It has been shown that devices of this type structure operate as excitonic solar cells with photogenerated excitons dissociating at the organic/inorganic heterojunctions (15, 16) . ZnO, an n-type semiconductor with relatively high electron mobility, is inserted between the ITO electrode and the active layer to effectively block holes but efficiently transport electrons to the ITO electrode. MoOx, a well-known material with work function close to -5.3 eV, is deposited prior to the deposition of Au electrodes to efficiently extract holes.
The PV structures fabricated here have PCEs comparable with other heterojunction PVs made with CdSe QDs, as seen in Table I (5,6 ). However, the observed PCE is still low compared to those made other methods (17, 18) , likely because of non-optimized light absorption, electron and hole transport, and exciton recombination, all which need to be optimized. We expect the results of this model EPD system can be extended to a range of QD cores and ligands, and to the fabrication of QD-based devices other than the organic-inorganic hybrid solar cell architecture chosen in this work to demonstrate the applications of EPD. Other designs of solar cells, based on the diverse set of colloidal quantum dots such as CdTe, PbS and PbSe---and CdSe, could be implemented to take advantage of the features of EPD to match device absorption with the solar spectrum better (17) (18) (19) , which would improve light absorption.
